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AZSTRAGT

Two films of prominance sicules have been subjected to
analysis. The gener-l featares of spicules described in an
earlier paper by one of the authors have been confirmed. The
earlier film, taken in December 1943, show.ed an average ejection

Svelocity for the spicules of 38 kms./sec.; the later, taken in

Februarj 19h6, showed a nearly doubled velocity of 72 kms./sec.
and a higher number of spicules per picture. Strong observa-
tional selection affects the velocity results." 4e cannot be
certain that these same velocities apply to the typical small
spicules which appear with the greatest frequency.
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I. Gh2Rl-•• CHMMRACTERISTICS OF SPICU",

Minute cpike-like prominences appearing at the very edge of the
sun's cuhroosphere possess characteristics of behavior which Justify
I our c'.assiIying tho s a group of phenomena of special interest.
In an earlier paper I one of us called attention to this new class
of solar prominences which he designated by the name "spicules,"
following the suggestion of Dr. Harlow Shapley. Most spicules were
very faint and small, but displayed great activity, extremely short
1ifetimes, and relatively uniform behavior.

Thus far we have observed the spicules with the Lyot-type corona-
graph at C -mmax only in the hydrogten line Ha. The spicules near the
poles of the sun have exhibited the closest conformity of the typical
model of a seicule. Near large active prominences of other Ikinds
spicules 3ew either absent or much more complicated in behavior.
Possibly this is simply a latitude effect" typical spicules generally
cluster near the poles, ordinary active prominences are far more
abundant in lower latitudes. However, there is no sharp line of
demarkation eotween spicules and small short-lived prominences of
other sorts, wor is the clustering of spicules towards the poles at
all striking. It is true that prominences, in general, move mostly
toward the solar surface or tangentially to it. Spicules, on the
other hand, generally exhibit radially outward movements.

To photograph spicules is difficult because of their small
size and their faintness* They ara much easier visual objects in
the coronagraph, but because of the eye-strain associated with pro-
longed visual observations we iave not succeeded well in studying
tham quantitatively by visual methods. Ho.iever, this field should
not be completely neglected. A coronagraph is probably necessary
for successful spicule studies. Excellent seeing and lao skyj and
instrumental background intensity are prerequisites.

From tiUe to time we have taken films at Climax specifically
for the observation of spicules. All films have been obtained with
the birefringent filter made by Dr. John '. ;;mns, designed for a
transmission half-width of about L A.

This paper sumiarizes some new measures made on e film of
12 December 1943 which was used in the earlier paper, as well as
so measures on a new film obtained on 21 Februarj 1946. Both films
were exposed for about two seconds per frxne on special 35 mm.
Zastman Kod'ak film of type IO3-Hc. The earlier film contained 236
pictures taken at a rate of one picture per minute; the later film
has 365 pictutres taken at three pictures per minuts. Both films
were taken under conditions of excellent seeing and atmospheric
transparency.

The general characteristics of spicules described earliar have
been confirmed. In addition, we have subjected selected spicules to
detailed velocity analysis. Some new statistics of spicule frequency
and directional behavior have also appeared from our present analysis.

"1 'i•.- U. Roberts$ Ap. J. 101, 1361 1945-
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II. RESULIS FROL FILL OF 12 DECMBER 1943.

Miss Erenton's analysis of the film of 12 December 1913 in-
volved the identification of 361 spicules which possessed a mean
lifetime of about 3.8 minutes- "e define "lifetime" as simply the
length of time during which we can identify a given spioule on the
frames of our films. A spicule seen on one frame only on a one-
frame-per-minute film is regarded as having a one minute lifetime.
For films taken at this rate of lifetime in minutes is equal to the
frame count between the frame of first appearance and the frame on
which it is clear that the spicule has finally vanished. For short-
lived spicules this count is extremely difficult to establish and
has a large probable error compared with the lifetime of the spicule
involved. Pigure I displays the results of Miss Brenton's measures
of the number of spicules possessing given lifetimes. As wm go to
shorter lifetimes the number of spicules observed increases very
rapidly. Thus we substantiate the suggestion in the earlier paper
that the drop in Vequency given there for shorter lifetimes was
probably the result of observational selection. kie have also used
a larger sample and more painstaking observations in the present
study. Also, we have confirmed the earlier suggestion that the double
meximum on the frequency histogram of the earlier paper was not
significant. Figure 1 not only shows the very great relative frequen-
cy of the very short-lived spicules, but also suggests that mary more
spicules may a,,pear below the level of sensible detection on the
films thus far analyzed. Uear the lower lifetime limit the statis-
tics are somewhat un=.lia-ble. In particular, the frames showing a
spicule a single tiros mig.t well be simply frames of somewhat better
seeing and more precise occultation surrounded by frames of poor or
ordinary seeing: on such gocd frames a somewhat longer-lived spicule
of very small size might have been visible, even though on following
and preceding frames it was not, because of the poorer seeing and
occultation. By the iim• another frame of good seeing came along the
spicule might actually have faded out. In such a case a lifetime of
one minute might be assigned to it instead of a prcp3r figure of
three or four minutes. Also, a number of truly short-lived spicules
might go totally undiscovered on the frames of poorer seeing. The
only solution of such problems is to take marq more p)ictures per
minute.

A mcasure of the importance of the effects of uneven seeing
and occultation is given by the fact that on the frames on which new
spicules w.ere discovered, presumably frames of better than average
seeing, an average of 2.6 spicules was found. If the seeing and
occulting were uniform so that the discoverj probability remained
equal on all frames and if the spicules were distributed at random
with time, as seems probable, one would have expicted to find only
15 sdicules per frame. (Total number of spicules divided by total
number of frames in film.) Another way of expressing the same fact
is to point out that there were 99 frames out of the 236 on which
no sicules ware identified for the first timeý.

The length of the arc of the sun's limb included in those
spicule-frequency determinations was about 85 0 , so that one could
expect, on this film, to discover 0.02 new spicules per degree of
arc per minute of time.
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The avera•.T lifetime for the spicules of this film was 3.3
minutes, excluding spicules of lifetimes greater than 15 minutes,
which it is perhaps leo;itimate to do in view of the less clearly
typical behavior of these longer-lived spicules. Including all
spicules the average lifetime is still less than four minutes.

Approximately 80% of all spicules were elongated in a direction
classed as radial, rather than oblique or tangential. The mean life-
times of the remaining prominences which were not radiel was about
seven minutes, or substantially longer than for the more frequent
radially elongatcd spicules.

TwentV-threE of the spicules were chosen for velocity analjsis.
These 23 objects were selected because their images were large enough
on a sufficient number of frames to allow measures of some reli-
ability. 7hej weri not, however, typical spicules. Their mean
height was about l9,Q000 ims. which makes them substantially larger
than an average spicule. Only about one-fifth of them were classed
as radial. Furtharmore, their mean lifetime was about 16 minutes,
or almost five times as long-lived as an average spicule. For the
smaller spicules velocity determinations are far more difficult.

The mean velocity of ascent for these features was about 38 kms.
per second. This figure compares with about 30 Imos./sec. which one
of us verj roughly estimated in the earlier paper to characterize a
typical opicule.

III. 1MSULM FROU FM11 OF 21 FrRUARY 1946

The second film analyzed had been taken at the more suitable
rate of three pictures par minute, which made possible an improvement
in the frequency statistics for the short-lived spicules. All
analysis of this film wras carried out by M•rs. Shapley. This film
confirmed the general behavior of the spicules doserved on the 1943
film. The majority of sdicules were less than 4000 Ims. in heiiht
at maximum. As in the earlier film, the typical spicule grows up-
ward ai a relatively rapid rate, then seems merely to disappear with
no obvious aoticn. The lovwr portions may return to the chromosphere
or they may simply fade out; it is difficult to differentiate between
these possibilities on the basis of appearance, though aepearance
favors the facting-out processo

The first 50 frames of tais film were analyzed in detail. On
the average ll s,;icul.s a'ere visible on a given frame. Tids is
apiroximataly tWLce the uraber of spiculea per frame seen on the
earlier film. 6ven casaal inspection of the film shows the higher
appwaent sAuicule activity on this film as compared with the earlier
filmo Lean lifetimes of the sIcUles weve not ex,,1icitJY derived.
One can e! diroato vory roxuhly from the ciita list that about five
minute. lifetimes were found for a large number of the spiculoso
However, as the data rerte breated, the spiciulos were twibulated on
each fraime ard a each positfon antic without regard to the previous
a•j.arance on prccdiug frTE-s, so that exilicit deduct5&n of the

-6-



average lifetime is impossible wi:hout further examination of
the original film.

Table I shwos the frequency vith which the apparent heights
of prominences fell within the given class intervals. Here again
the height is not the maximum height of the spicule, but the
height of all spicules observed on all frames without reLard to
their appearance in preceding or followlng frames. Thus, a
spicule shmoing as a tiny spot at the limb would be classed in its
discovery frame as a small sicule, even though in a later state
of development it would be listed in the higher classes. The
number of times a spicule is cou ted in this table is thus pro-
portional to its lifetime.

9

Height 0 1U40 3690 5530 7380 9220 11,070 over
kfl. to to t. to to to to

1840 3690 5530 7380 9220 11,070 J14,760 14,760

Number 93 296 10) 61 42 22 26 27

Ten spicules wore subjected to special study. The mean life-
time of the objects chosen for study was 9.3 minutes. All of the
ten wiere notably conspiicuous spicUles. The average height of these
ter features was about 15,0 kms, or about four times the height
of a tyAical spicule.

The average veloci iy of ascent for these ten couspicuous
s~dicules ;vas about 72 Iks./bec., .er approximately double the velocity
average from the earlie- film. If this doubling of velocity of
ejection of the large features is also shared by the smaller and
more frequent spicules, ac it seems not unreasonable to suppose,
then the resvwt is of great Lmnoriaice. If further studies shm'w
the average velocity and frequency of tie spic-lcs te be correlated
witli other indices of solar activity cycle, as th.se two films
might lead one to s,.eculate, the result 'Will be of still greater
interest.

Cný, feature of the analysis w'Iich api)ars not ;oridy is theSabsence of a clear-cut rea tion betweeri the veloeity of ascent of
the s,,icuLnes r'.d the raaxLr.I hb3ijht vuihch they aztain. 'rhe selected
6piculcs studied on the' late," film did not reach veater hig,.ts,
on th•e av-,rage, than uiose of' te:ý oarli3r film in -Aito of their
I'ubs ta: ly "r -atr velozi -L
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IV, FU1RfHER iwOPJC iN4ED

The suppl]r of good spicule f£iu3 from the Climax coronagraph
between 1943 and 1949 is very limited. Two or three others are
available and must be studied, and more spicule films will be taken
at Climax. A substantial number of g6ood spicule films for 1949 is
available and these will be analyzed also. They appear to show
still greater activity than the 1946 film*

The Mann Instrument measuring microscopes used for the prominence
analysis are excellenWly suited for accurate positional measurements,
but are not ideal for prominence studies because the observer cannot
trace directly on paper the objects he sees, nor can he advance the
pictures into accurate register from frame to frame in any simple
automatic manner or at speeds anything like motion picture projection
speeds. These factors impose limitations upon the speed and diversi-
ty of the analysis that can be done on the machines.

A further effort must also be made to study the typical spicules
on both of these films, even though these are much harder to analyse
than the more conspicuous objects which form the basis oC the studies
we have reported here. ate would like also to obtain measurements of
tpical spicules of both films, using identical procedures and
identical observers, in order that effects of porsonal selection or
other personal equation factors can be minimized. ¶ihe main limita-
tion upon further beneficial analysis of the 1943 film is its slow
picture rate of one framo per minute. This limits sharply the use-
fulness of the film for further study of s)iczule froeqency or velocity-

,'ve must also endeavor to evaluate qiuanlitatively the importance
of the observational selection which arL,.es out of the fact that 4'e
number of sicul~s visible per picture varios sharjly with the seeing
and writh the accuracy of the occultation at the ,.n!tant of exdosure.

Particalarly irportant, after we obtaiii velocitic- for a large
number of ordinary spiicules will be the detenmiation for both films
of the frequsecy of spicules par unit ti ,e pr unit arc of the limb,
much as has leen done for the earlier film b.t 1Aiss Brenton. The
specific iden tification and tVying of tao spicules ac-h.. in 'he
first film shoulr also be extended to Uhui second. In the study X"
the second film, Sh.1iy carriod out some frame-by.-Pramo -etch-

ing of certain spiculos. The results oZ thio 7;orlc have not been
reprorted here, bute iuill be submitted s,ý2aratP&!y. 63i.Lar attempts
to trace ty,)! -l s;) lei Jo uuch as x .'"aplcy has done &or tho
larger ones ,ould also bo att..pte on other spiculm of both films.

Continuaul rrsua of" those ryt,;,ile icasucemepts is made increas-
iug28 inportent by curroit devoiopments in g.onosvhr:c and coronal
theo-ry, such as tic )per by kclwarzscil, 4  soe the :,.pers by
Biermann, A)lAven or the two papers by • .. • ioias.- In Thomas'
paper supertlenric Jots of rases passing throurh the chromo.Thcre



are considered as a mech: im for -3appJ3ing the enerlt of the hrlomo-
sphere and the corona, wid as tha sourco of the high kinetic teoipra-
tares assumed to charactorize these regions.

Scme reference has been made to observations of other small
surge-like or spike-like prominences by other observers. In so

cases, and in particular in the observations of Bugoslavskayy,ph
we feel that the particular prominences analyzed are somewhat
different features f-om the small faint objects we have intended
to denota by the term spicule.

Both the spicules anu all larger preminences probably conta'i-
bute substantially to thh supply of energy sustaining the corona.
and pruminances. The ovo r.e~nlming predorainatce of apparent outflow
dis.l•jed by the spicules trakcs them especially useful in the
theories for the mechanical takamsport of enerU through the
photosphere which are nao b3ing developed by marn theoretical
workers. .'e therefore hope to publish additional reductions of our
films of these phenomcina in the near future.

Ink conclusion, re rish to express our thanks to the Office of

Naval Research which mos firawled the research work described here,
and to the Dareau of Orcltan•o of thi &ivy Department 'which has wade
available to th3 Office xf v•avai Resoa.rch the L'ann Irstruments and
obserrers, and the otier facilitic. of the Computation Laboratory
at the Uassachusotts ins°•itute directM by Dr. Kopal. The measure-
conts wme carried out a:; a part of a study of Uhe denelopment of
improved apparatus for r,!duztion of promixcnce films,
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